We have identified two genes, Smed-PTEN-1 and Smed-PTEN-2, capable of regulating stem cell function in the planarian Schmidtea mediterranea. Both genes encode proteins homologous to the mammalian tumor suppressor, phosphatase and tensin homolog deleted on chromosome 10 (PTEN). Inactivation of Smed-PTEN-1 and -2 by RNA interference (RNAi) in planarians disrupts regeneration, and leads to abnormal outgrowths in both cut and uncut animals followed soon after by death (lysis). The resulting phenotype is characterized by hyperproliferation of neoblasts (planarian stem cells), tissue disorganization and a significant accumulation of postmitotic cells with impaired differentiation capacity. Further analyses revealed that rapamycin selectively prevented such accumulation without affecting the normal neoblast proliferation associated with physiological turnover and regeneration. In animals in which PTEN function is abrogated, we also detected a significant increase in the number of cells expressing the planarian Akt gene homolog (Smed-Akt). However, functional abrogation of Smed-Akt in Smed-PTEN RNAi-treated animals does not prevent cell overproliferation and lethality, indicating that functional abrogation of Smed-PTEN is sufficient to induce abnormal outgrowths. Altogether, our data reveal roles for PTEN in the regulation of planarian stem cells that are strikingly conserved to mammalian models. In addition, our results implicate this protein in the control of stem cell maintenance during the regeneration of complex structures in planarians.
INTRODUCTION
The replacement of cells that are lost to normal physiological turnover relies, in part, on mechanisms that control stem cell number and the efficient, functional integration of their progeny into differentiated tissues. Examples of such tissue homeostasis are provided by the mammalian hematopoietic and digestive systems, in which millions of differentiated blood and epithelial cells expire daily, only to be replaced by the fresh division progeny of resident stem cells (Clarke and Fuller, 2006; Reya and Clevers, 2005) . Failure in these processes can lead to a range of dysfunctions, including malignant transformation.
One of the most frequently mutated genes in human cancers is the gene encoding the phosphatase and tensin homolog deleted on chromosome 10 (PTEN) protein (Sansal and Sellers, 2004; Stiles et al., 2004; Sulis and Parsons, 2003) . PTEN negatively regulates the phosphatidylinositol-3 kinase (PI3K)-AKT signaling, known to play crucial roles in cellular proliferation, differentiation and migration in both vertebrates and invertebrates (Sulis and Parsons, 2003) . In mammals, when PTEN activity is lost in organs displaying high rates of cell turnover, primary and metastatic cancers are detected. Germline mutations of PTEN are found in both Cowden and Bannayan-Riley-Ruvalcaba syndromes Marsh et al., 1997; Marsh et al., 1999; Nelen et al., 1997) , and somatic mutations have been associated with Non-Hodgkin's lymphoma (Nakahara et al., 1998) , breast, and prostate cancers .
More recently, activation of PI3K and AKT owing to PTEN loss of function has been reported to occur not only in breast, but also in some types of pancreatic, cancers (Asano et al., 2004; Kirkegaard et al., 2005) . Thus, a rapidly growing body of evidence suggests a central role for PTEN in the regulation and misregulation of tissue homeostasis in mammals (Marx, 2007) .
In invertebrates such as Drosophila melanogaster and Caenorhabditis elegans, PTEN appears to mainly control cell size and cell cycle during development (Hafen, 2004; Stiles et al., 2004) . In C. elegans, PTEN (daf-18) has been associated with regulation of metabolic rates, longevity and dauer formation (Gil et al., 1999; Mihaylova et al., 1999; Ogg and Ruvkun, 1998) . In Drosophila, PTEN plays critical roles during development, affecting cell proliferation, and cell and organ size (Gao et al., 2000; Goberdhan et al., 1999; Huang et al., 1999; Oldham et al., 2002) . Although studies of PTEN in invertebrates have been highly informative, the study of PTEN in adult tissue homeostasis remains unexplored. As such, models are not yet available to dissect the mechanisms by which human diseases involving PTEN mutations are manifested.
In contrast to flies and nematodes, the adult freshwater planarian Schmidtea mediterranea possesses an abundant population of undifferentiated cells, many of which are continuously undergoing cell division. The dividing, undifferentiated cells are known as neoblasts, and the animal derives its robust tissue homeostasis and regenerative properties from both regulating the proliferation of these cells and by determining their division progeny (Newmark and Sánchez Alvarado, 2000) . Neoblasts are considered the adult stem cells in planarians because they constantly self-renew and produce daughter cells that will go on to differentiate into all known cell types found in the animal, including the germline . In fact, neoblasts are the only known proliferative cell in the flatworm, and their division progeny is instrumental in supporting, and maintaining, differentiated tissues during physiological cell turnover (Reddien and Sánchez Alvarado, 2004; Sánchez Alvarado, 2006) . After amputation, planarians develop a specialized structure at the cut surface, known as a regeneration blastema, which is the result of extensive proliferation by neoblasts.
Here, we report the identification of two PTEN orthologs in planarians . RNA interference (RNAi) of these genes is lethal; the phenotype is characterized by an inhibition of tissue regeneration, abnormal outgrowths associated with a neoblast-hyperproliferative response, and a lack of cell differentiation and tissue maintenance. Strikingly, we also observed that the abnormalities and lethality detected in worms with RNAi of both Smed-PTEN genes worms] could be prevented by pharmacological treatment with rapamycin (an inhibitor of the protein kinase, target of rapamycin [TOR] ), without affecting physiological neoblast proliferation. Because specific upregulation of the planarian Akt-like gene (Smed-Akt) is detected in RNAi-treated animals and prevented by rapamycin treatment, it is likely that an involvement of the AKT pathway is necessary for the Smed-PTEN genes to exert their function. Together, these observations support recent evidence demonstrating that PTEN activity can help distinguish differences between normal and abnormal self-renewing mechanisms in stem cells during malignant transformation in mammals (Yilmaz et al., 2006; Zhang et al., 2006) . We propose that, in planarians, PTEN modulates AKT function and that the abnormalities observed in the Smed-PTEN phenotype are due to both autonomous and non-autonomous stem cell roles of PTEN. Additionally, our data revealed that AKT is required for rapamycin to compensate for PTEN loss of function. Thus, we propose that planarians may serve as a powerful model system in which to dissect the roles of tumor suppressor activities in regulating stem cell functions.
RESULTS
Three PTEN homologs exist in S. mediterranea All known PTEN homologs share conserved phosphatase and tensin domains (Lee et al., 1999) . Initially, we identified potential homologs by performing BLAST searches against the planarian genome with both the fly and human PTEN genes. We then took the predicted planarian sequences, which contained both of the conserved domains, and carried out reciprocal BLAST searches against the human and fly genomes. This returned a list of three potential orthologs of PTEN.
In addition to PTEN, humans possess two other PTEN-like genes that contain phosphatase and tensin domains, TPIP and TPTE (Sulis and Parsons, 2003) . To clearly define the orthology between planarian PTEN-like genes and the other human homologs, phylogenetic analyses were carried out (see Methods). The results indicate that planaria have two paralogous bona fide PTEN orthologs and a gene orthologous to the human TPTE and TPIP genes (Fig. 1A) . cDNAs for both PTEN genes had been previously cloned as part of a cDNA sequencing project . We will refer to these genes as Smed-PTEN-1 and Smed-PTEN-2. 
Smed-PTEN genes are expressed in neoblasts and differentiated cells
The general expression patterns of Smed-PTEN-1 and Smed-PTEN-2 were defined using whole-mount in situ hybridizations (ISH). Expression for both genes (Fig. 1B,C) is detected throughout mesenchymal tissues (dorsal/ventral and anterior/posterior), including postmitotic areas (i.e. the area in front of the photoreceptors and the pharynx). No obvious restriction to a particular organ system was observed; however, spatial expression patterns differ in that the Smed-PTEN-1 signal is dispersed, whereas Smed-PTEN-2 expression is detected in defined clusters throughout the mesenchyme (Fig. 1B,C) . Expression patterns were confirmed as specific by performing several optimization rounds of the ISH protocol and standardizing the results with control probes of known expression patterns. Additionally, ISH with sense probes in wildtype worms and antisense probes in RNAi worms, for each Smed-PTEN gene confirmed the detected expression patterns (supplementary material Fig. S1 and data not shown).
Because the spatial signal distribution precluded us from defining the cell types expressing Smed-PTEN-1 and Smed-PTEN-2, we performed quantitative real-time PCR (qRT-PCR) analyses on diverse cell populations isolated by fluorescence activated cell sorting (FACS) (Fig. 1D) . We tested the irradiation-sensitive cells comprised by the X1 and X2 populations, and the irradiationinsensitive cell types represented by the Xins area of the FACS profile (Hayashi et al., 2006; Reddien et al., 2005b) . These experiments revealed that expression of both Smed-PTEN genes is detectable in all three cell subpopulations (Fig. 1D ). These data suggest that the expression of Smed-PTEN-1 and Smed-PTEN-2 is widespread and includes neoblasts.
Silencing of Smed-PTEN-1 and Smed-PTEN-2 results in abnormal tissue growth and lethality RNAi experiments were performed to abolish the expression of each Smed-PTEN gene individually or simultaneously. We designed and optimized a double-stranded RNA (dsRNA) microinjection schedule that consistently reproduces a particular phenotype (see below). This procedure requires a total of five microinjections distributed through 11 days ( Fig. 2A) . The dsRNA was synthesized in vitro according to standard protocols (Sánchez Alvarado and Newmark, 1999) and injected at different intervals during the schedule ( Fig. 2A) . Throughout the experiment, all groups were extensively evaluated under the microscope and scored for anatomical and/or behavioral changes (Reddien et al., 2005a) . Additionally, abrogation of gene expression was confirmed by RT-PCR and whole-mount ISH (supplementary material Fig. S1 and data not shown).
Representative results from different groups of animals, 12 days after the first microinjection, are shown in Fig. 2B . Planarians injected with water (control), dsRNA-Smed-PTEN-1 or dsRNASmed-PTEN-2 were indistinguishable from each other (Fig. 2B left  panels) . In contrast, all Smed-PTEN-1, -2(RNAi) worms (n>100) displayed behavioral and anatomical changes followed by death (100% penetrance). Signs of the phenotype began with a slowing of movements and a lack of normal photophobic response, followed by reabsorbtion of the most anterior area in front of the photoreceptors (head regression). Head regression in planarians is associated with impaired neoblast function Reddien et al., 2005a; Reddien et al., 2005b) ; however, this phenotype is normally accompanied by a characteristic ventral curling, which did not occur at any time in Smed-PTEN-1, -2(RNAi) worms. Instead, as the phenotype progressed, abnormal growths became evident in different body parts, but tended to be more severe at anterior ends (Fig. 2B, arrows) . These abnormal growths increased rapidly in size and number, and worms eventually began to lyse and die three to four days after the first obvious signs of the phenotype (supplementary material Table S1 ). In the majority of cases, these changes were most evident after the final injection (11±2.2 days after the first injection, average ± standard deviation [s.d.]); representative images of the phenotype (12 days after first injection) with different degrees of severity are shown in Fig. 2B (right panel). These data indicate that Smed-PTEN-1 and Smed-PTEN-2 functionally compensate each other, and that these genes play a role in regulating proper neoblast functions that may differ from those observed following either irradiation or silencing of smedwi-2 (a gene involved in the regulation of planarian stem cells) (Reddien et al., 2005b) .
Smed-PTEN-1 and Smed-PTEN-2 are required for regeneration To determine whether Smed-PTEN genes play a role during regeneration, we performed an RNAi time-course strategy similar to that carried out in intact worms, except that animals were amputated at pre/postpharyngeal levels one day after the third injection (Fig. 3A) . Trunk fragments resulting from these amputations received two additional injections (days 1 and 3 post-amputation); subsequent behavioral and anatomical changes were evaluated (Reddien et al., 2005a) . Animals subjected to either Smed-PTEN-1(RNAi) or Smed-PTEN-2(RNAi) developed anterior and posterior regeneration blastemas, with macroscopic regenerative dynamics that were indistinguishable from those observed in control animals (i.e. normal wound healing, blastema formation, photoreceptor pigmentation, photophobic response, etc.; Fig. 3B , left panels). In contrast, the Smed-PTEN-1, -2(RNAi) worms showed normal wound healing, but failed to form blastemas and by approximately the second day post-amputation (10±0.8 days after the first injection) signs of the phenotype (no blastema formation, scattered outgrowths) were evident in all animals (n=47/47). These abnormal growths multiplied and within one week after amputation (6.25±3.3 days) all animals were dead ( Fig. 3B , right panel). These results are consistent with the effect observed for Smed-PTEN-1, -2(RNAi) in intact worms (supplementary material Table S1 ). Furthermore, in both uncut and regenerating animals, overt signs of the phenotype were noted at similar times after the first injection (~11 days; Student's t-test, P=0.25), suggesting that under these conditions amputation does not influence phenotype dynamics. These results support our previous conclusion that Smed-PTEN-1 and Smed-PTEN-2 are required for proper neoblast function and indicate that the planarian PTEN orthologs are necessary for blastema formation.
Disorganization of differentiated tissues and cellular infiltration occur in the absence of PTEN function
We sought to better understand the cellular basis for the observed phenotype in Smed-PTEN-1, -2(RNAi) animals. We first performed fluorescent immunohistochemistry with antibodies specific to differentiated tissues, specifically neurons, muscle and cilia (Cebrià et al., 1996; Robb and Sánchez Alvarado, 2002; Sakai et al., 2000) .
Results from these experiments revealed unexpected and severe disruptions to the anatomical and functional integrity of these tissues (Fig. 4) . Photoreceptor neurons were found in disarray, and were often dispersed and lacking optic chiasmatas (Fig. 4A) ; body wall musculature displayed areas devoid of myosin positive cells (Fig. 4B) ; and the surface area of dorsal cilia fields was reduced (Fig. 4C ). Such defects are consistent with the idea that tissue maintenance by neoblasts and their progeny are compromised after silencing of Smed-PTEN-1 and Smed-PTEN-2. Histological analyses of RNAi-treated animals not only confirmed the tissue disorganization detected by immunohistology, but also uncovered discontinuities in the basement membrane (BM) and the presence of abnormal invasive cells (Fig. 4D ,E). The BM (extracellular matrix underneath the epithelial cells; Fig. 4D , lower arrows) separates the epithelium from the underlying mesenchyme (Nelson and Bissell, 2006) . In the Smed-PTEN-1, -2(RNAi) animals, the integrity of the BM is markedly disrupted, and in some areas a physical barrier separating epithelial cells and mesenchymal tissues cannot be detected (Fig. 4E , top right). Such direct contact between epithelium and mesenchyme is also observed in planarians during normal wound healing after amputation and is known to be involved in the proliferation of nearby neoblasts (Hori, 1979a; Hori, 1979b; Hori, 1980) . This may explain, in part, the overproliferation of cells detected in Smed-PTEN-1, -2(RNAi) animals.
The abnormal invasiveness of some cells in Smed-PTEN-1, -2(RNAi) animals was readily apparent in the pharynx (Fig. 4E , bottom right). Normally, postmitotic progeny of neoblasts migrate to the epithelium and pharynx to replace cells lost during cellular turnover and tissue regeneration (Newmark and Sánchez Alvarado, 2000) . Although, in the Smed-PTEN phenotype no ectopic mitotic activity was noted (i.e. no mitotic figures were detected in front of the photoreceptors or pharynx; see Fig. 4G ), the cellular infiltration (i.e. increase in cellularity in different organs) observed in the epithelium and pharynx (Fig. 4E ) may be due to the migration of neoblast progeny. Bromodeoxyuridine (BrdU) experiments confirmed that the migratory ability of the neoblast progeny was not lost after abrogation of Smed-PTEN genes (data not shown). Additionally, these cellular infiltrations were characterized by the presence of basophilic cells (Fig. 4E ).
Smed-PTEN-1 and Smed-PTEN-2 affect neoblast proliferation and cell number
To further characterize the Smed-PTEN-1, -2(RNAi) phenotype, we examined whether cell number and the anatomical composition of different tissue types were affected. First, we dissociated control and Smed-PTEN-1, -2(RNAi) planarians (n=10 for each group) into cell suspensions of equal volume. The cells were spotted onto slides and the nuclei counterstained with propidium iodide (PI) (see experimental procedures for details). PI signal quantification revealed an increase of ~20% in cell number in Smed-PTEN-1, dmm.biologists.org 134 PTEN regulates planarian adult stem cells RESEARCH ARTICLE . No external differences were observed during anterior or posterior blastema formation (unpigmented tissue formed after amputation) between the first three conditions (left column), whereas in simultaneous RNAi fragments, important behavioral and macroscopic abnormalities were noted (n=47/47 worms, similar numbers for each group were run in parallel). Abnormal outgrowths (white arrows) were evidenced in different parts of the animal (including the tissue surrounding the amputation area) followed by lysis shortly after visualization of the first sign of the phenotype. In all cases anterior is to the left. Bar, 500 μm.
-2(RNAi) worms; however, this increase in cell number was not associated with increases in animal length or cell size (Fig. 4F and data not shown). Qualitative anatomical analyses (visual inspection of nuclei counterstaining using Sytox green, Molecular Probes) were also performed in cross-sections of different areas (anterior, posterior) and revealed that the increase in cell number/density in the Smed-PTEN-1, -2(RNAi) phenotype was scattered rather than restricted to a specific tissue or organ (data not shown). However, in animals with a severe phenotype (n=5), we observed evidence for the occurrence of hyperplasia, in which the normally monolayered epidermis became multilayered in Smed-PTEN-1, -2(RNAi) animals (Fig. 4F ). This finding is consistent with previous chemically-induced epithelial hyperplasia observed in planarian neoplasms (Foster, 1963) .
Because neoblasts are the only known proliferative cell type in asexual planarians, we sought to evaluate whether cell proliferation was involved in the increase in cell number observed in Smed-PTEN-1, -2(RNAi) animals. We assayed whole animals with an antiphosphorylated histone-3 (H3P) antibody that specifically labels mitotic neoblasts (Newmark and Sánchez Alvarado, 2000) . When signs of the Smed-PTEN phenotype became visible (12 days after the first injection, as described above), mitotic activity was quantified (Reddien et al., 2005a; Reddien et al., 2005b) animals (Fig. 4G ). These data suggest that loss of PTEN activity in planarians leads to hyperproliferation and may be responsible for the observed hyperplasia (Fig. 4F) .
Smed-PTEN-1 and Smed-PTEN-2 regulate neoblast differentiation
To better understand the nature of the effects exerted by PTEN on neoblasts, we tested several markers associated with neoblast function. First, we carried out a quantitative analysis based on ISH, performed in dissociated control and Smed-PTEN-1, -2(RNAi) animals, which revealed that there was an important increase in cells expressing neoblast markers after abrogation of both Smed-PTEN genes (supplementary material Fig. S2 ). This suggests that, in addition to an increase in mitotic activity, the dmm.biologists.org 136 PTEN regulates planarian adult stem cells RESEARCH ARTICLE From a pool of dissociated animals, ISH was performed using probes specific to the nervous (synaptotagmin, Smed-Syt), excretory (carbonic anhydrase, Smed-CA) and digestive (smedinx-9) systems. Representative pictures of cells expressing each marker are shown (black precipitation). Cells expressing each marker were counted and the average of two independent experiments was recorded as the total number of positive cells per slide: Smed-Syt, n=608 and n=428; n=109 and n=94; n=142 and n=118 for control and Smed-PTEN-1, -2(RNAi) worms, respectively. Respective percentage reductions in the number of expressing cells after RNAi are shown. (B) Rapamycin treatment prevents abnormal outgrowths, lethality and rescues regenerative events in RNAi-treated animals. Worms subjected to Smed-PTEN-1, -2(RNAi) were unable to regenerate, external outgrowths were evident, and the worms failed to survive longer than 7 days post-amputation (n=27/27), whereas rapamycin-treated Smed-PTEN-1, -2(RNAi) or control worms developed anterior and posterior blastemas, and survived for more than one month after the first dsRNA injection (n=29/29). Representative images of rapamycin-treated control and Smed-PTEN-1, -2(RNAi) worms are shown. (C) Quantification of mitotic activity. Note that control and rapamycin-treated worms show similar levels of mitotic activity and that in Smed-PTEN-1, -2(RNAi) worms, proliferation was higher (***P< 0.01). However, simultaneous Smed-PTEN RNAi and rapamycin treatment prevent abnormal proliferation while keeping proliferative activity similar to control animals. Displayed values represent average ± s.d. of nу8 worms per condition, for at least two independent replications. (D) Expression of neoblast markers in dissociated worms. An increase in the number of cells expressing each neoblast marker was always observed in Smed-PTEN-1, -2(RNAi) worms after the RNAi treatment, but was prevented with rapamycin treatment (Student's t-test, ***P<0.001). (E) Expression of differentiated tissue markers in dissociated worms. The same pools of animals discussed in Fig. 5D were used to perform ISH with genes expressed in differentiated tissues (Smed-SYT, Smed-CA and smedinx-9). For panels (D) and (E), dissociations were performed from a pool of ten animals per group and cell numbers represent the average ± s. number of cells expressing neoblast-specific markers increased in the Smed-PTEN phenotype. In contrast, a marked reduction in the expression of markers for differentiated cells such as neuronal (Smed-SYT), excretory (Smed-CA) and digestive (smedinx-9) cells was observed in Smed-PTEN-1, -2(RNAi) animals (Fig. 5A) . We independently confirmed these results by qRT-PCR (supplementary material Table S2 ). The measured increment in the numbers of both proliferative neoblasts and their postmitotic progeny is consistent with the increase in cell numbers detected histologically (Fig. 4F and supplementary material Fig.  S2 ) in Smed-PTEN-1, -2(RNAi) worms. Taken together, the data indicate that loss of Smed-PTEN function is characterized by an increase in neoblast numbers, but also a decrease in differentiated tissues -probably owing to an inability of the neoblast progeny to properly differentiate.
Rapamycin prevents abnormalities produced by Smed-PTEN loss of function PTEN loss of function is associated with activated PI3K-Akt signaling pathway in many malignancies related to cancer. The macrolide rapamycin operates through the multicomplex protein TOR, and has been shown to be effective in reversing the symptoms observed in PTEN loss of function models (Guertin and Sabatini, 2007; Sabatini, 2006; Yilmaz et al., 2006) . We sought to test whether the effects of rapamycin in mammals could be recapitulated in planarians (see experimental procedure for details).
Planarians subjected to RNAi of both Smed-PTEN genes and, subsequently, to daily injections of rapamycin, failed to develop any macroscopic signs of the characteristic Smed-PTEN phenotype, either in the first two weeks (n=50/50), or after one month of treatment (n=19/20). However, exposure to rapamycin restored the ability of Smed-PTEN-1, -2(RNAi) animals to launch a regenerative response after amputation, i.e. rapamycin treatment restored neoblast proliferation in response to injury. RNAi-treated animals developed anterior and posterior blastemas with the same dynamics as controls (n=30/30), and survived for longer than two weeks after the first dsRNA injection (Fig. 5B) . After suspending rapamycin treatment, only a fraction of worms developed signs of the Smed-PTEN phenotype within one month (n=7/19), indicating that the effect of rapamycin treatment perdures for several weeks. Moreover, similar levels of mitotic activity were observed among control worms, worms treated with rapamycin alone, and Smed-PTEN-1, -2(RNAi) worms receiving rapamycin, suggesting that rapamycin treatment does not affect basal neoblast proliferation, but specifically prevents abnormal proliferation in the absence of functional Smed-PTEN genes (Fig. 5C ).
To further evaluate the effects of rapamycin in planarians, gene expression analyses were performed using markers of proliferative and postmitotic progeny of neoblasts (Fig. 5D) . The results revealed that the percentage of cells expressing proliferative and postmitotic markers is similar between the control groups and rapamycintreated Smed-PTEN-1, -2(RNAi) worms. However, the expression of differentiated tissue markers was lower in Smed-PTEN-1, -2(RNAi) worms treated with rapamycin than in control worms, or in worms receiving rapamycin alone (Fig. 5E ), indicating that rapamycin may not fully rescue gene expression in differentiated tissues. Altogether, these results suggest that rapamycin treatment prevents the tissue homeostasis and regeneration defects observed in Smed-PTEN-1, -2(RNAi) animals.
Smed-Akt expression is upregulated in the Smed-PTEN phenotype
The oncoprotein kinase Akt is an important downstream target in the PI3K pathway that has central roles in PTEN loss of function (Guertin and Sabatini, 2007; Sabatini, 2006) . Thus, we identified and cloned the planarian Akt ortholog (Smed-Akt). Unlike PTEN, there is a single Akt gene in S. mediterranea. Smed-Akt expression is widely distributed through the mesenchyme including postmitotic areas and in some cell clusters around the cephalic ganglia (supplementary material Fig. S3 ).
The wide distribution of the Smed-Akt signal was also confirmed by expression analyses of FACS-isolated cells revealing that SmedAkt is expressed in approximately 50% of the cells in both the X1 (proliferating) and Xins (differentiated) fractions, whereas only approximately 20% of the cells in X2 express Smed-Akt (Fig. 6A) . Strikingly, the distribution of Smed-Akt expression was dramatically altered after simultaneous abrogation of both Smed-PTEN genes (Fig. 6A) , increasing significantly in the X1 and X2 compartments (1.3-and 4.2-fold, respectively), and in differentiated cells (Xins= 1.6-fold). In fact, the increase in Smed-Akt positive cells was higher than that of any other neoblast marker (Fig. 5D ), indicating that Smed-PTEN-1 and -2 play a role in regulating Smed-Akt expression in both neoblasts and cells of differentiated tissues. Furthermore, rapamycin treatment of Smed-PTEN-1, -2(RNAi) worms specifically prevents the abnormal increase of Smed-Akt signal, while maintaining its basal expression ( Fig. 6B and C) . Thus, rapamycin is not stochastically downregulating Smed-Akt expression, but it is effective in distinguishing between physiological levels of Smed-Akt and its abnormal expression after RNAi of Smed-PTEN-1 and Smed-PTEN-2.
RNAi of Smed-Akt does not recapitulate the Smed-PTEN phenotype
To evaluate the function of Akt in the Smed-PTEN phenotype, RNAi experiments involving Smed-Akt and Smed-PTEN genes were carried out. At the gross morphological level, Smed-Akt(RNAi) animals displayed only locomotion defects (~12 days after first injection, n=40/40), and did not develop other external abnormalities or head regression even after more than one month (data not shown). Smed-Akt(RNAi) animals, however, displayed lower number of proliferative cells when compared with control animals (Student's t-test, P<0.002) , suggesting that Smed-Akt is necessary to maintain basal proliferation levels (Fig. 6C) . Nevertheless, Smed-Akt(RNAi) animals are still capable of forming blastemas after amputation and regenerate with similar dynamics as control animals (data not shown, n=30/30). Together, the data indicate that Smed-Akt is not sufficient to affect either long-term homeostasis or tissue regeneration.
Worms subjected to triple RNAi [Smed-Akt(RNAi); Smed-PTEN-1, -2(RNAi)], with or without rapamycin treatment, failed to display head regression as observed in the Smed-PTEN phenotype, yet developed abnormal outgrowths and lethality with full penetrance (n=23/23, supplementary material Fig. 4) . Moreover, the number of proliferating cells in triple RNAi worms and in Smed-PTEN-1, -2(RNAi) worms were not statistically different P>0.3) . These results suggest that abrogating Smed-Akt is not enough to prevent the abnormal hyperproliferation observed in the Smed-PTEN phenotype. Surprisingly, after rapamycin treatment, the number of proliferative cells in triple RNAi worms was the same as in the control group (Student's t-test, P>0.4), although rapamycin treatment failed to prevent abnormal outgrowths (n=15/15, Fig. 6C and supplementary material Fig. S4 ). Altogether these data suggest that, irrespective of proliferative levels, functional abrogation of Smed-PTEN is sufficient to induce abnormal outgrowths. Additionally, functional disruption of both Smed-Akt and Smed-PTEN genes reduce the capacity of rapamycin to prevent the abnormalities observed in the Smed-PTEN phenotype, suggesting that to be fully effective, rapamycin treatment requires functional Akt.
DISCUSSION
The analyses described here reveal details of the striking evolutionary conservation of PTEN function in stem cell regulation. Our data confirm that S. mediterranea offers unique opportunities to dissect, on a molecular basis, conserved, complex signaling pathways affecting adult somatic stem cells during homeostasis, disease, and uniquely, regeneration. Moreover, the Smed-PTEN phenotype enables both the identification of factors controlling adult stem cells in tumor generation, and the opportunity to explore and test the mechanisms of action of therapeutic drugs that target elements of the PI3K-AKT-TOR pathway.
Multiple PTEN forms exist in S. mediterranea
Phylogenic analysis of the three PTEN-like genes in planaria has lead to two interesting conclusions. Firstly, the analysis shows that planaria have undergone a paralogous duplication of the ancestral, single PTEN gene. The presence of two PTEN genes has not been described in any other invertebrate. Consistent with a relatively recent duplication, is the fact that both paralogs must be inactivated by RNAi to produce a phenotype. Secondly, expansion of the vertebrate PTEN family into TPTE and TPIP was thought to be vertebrate-specific, because neither C. elegans nor Drosophila have a homolog to either of these genes. Surprisingly, planaria have a homolog that appears to be orthologous to both of these genes. These findings provide further evidence that S. mediterranea can be a useful invertebrate organism with which to functionally investigate questions involving genes that are present in vertebrates, but absent in Drosophila or C. elegans.
S. mediterranea: a model to study PTEN regulation of adult stem cells during tissue maintenance and regeneration Although PTEN and its substrate are evolutionarily conserved, the phenotypes, and endpoints from experimental assays may differ among biological model systems, owing to the ubiquity, complexity, and multiple effectors of the highly branched PI3K pathway (Stiles et al., 2004) . This is particularly illustrated by studies on PTEN modulation of chemotaxis in Dictyostelium, signaling pathways in yeast, regulation of metabolic variables, longevity and dauer formation in C. elegans, and growth and size determination at the cellular and organ levels in Drosophila (Hafen, 2004; Stiles et al., 2004; Sulis and Parsons, 2003) . Nonetheless, in mammals, recent attention has been drawn to the subtle roles that PTEN signaling plays in abnormal stem cell proliferation and its participation in carcinogenesis (Janzen and Scadden, 2006; Polyak and Hahn, 2006; Rossi and Weissman, 2006; Yilmaz et al., 2006; Zhang et al., 2006) .
In S. mediterranea, the evolutionary conservation of signaling pathways, the experimentally accessible adult stem cell population, and the robust regenerative capabilities of this organism provide a unique model with which to discover the mechanisms that control stem cells during homeostasis, tumorigenesis, and regeneration. Our data demonstrate that S. mediterranea provides a new invertebrate model system, in which the functions of different forms of PTEN can be abrogated in the entire adult animal, allowing for analysis of PTEN dysfunction in multiple organs, simultaneously -an experimental approach that is limited in mammalian models (Stiles et al., 2004; Sulis and Parsons, 2003) . In addition, investigation of the possible roles of PTEN in the regeneration of complex structures is uniquely facilitated by the planarian model system. Understanding the in vivo function of PTEN in adult stem cell regulation is critical in order to design effective therapeutic strategies targeting components of the PI3K-Akt-TOR pathway.
Analysis of the stem cells and their microenvironment during malignant transformation can be performed in the Smed-PTEN phenotype Unlike other invertebrate models (Gao et al., 2000; Goberdhan et al., 1999; Hafen, 2004; Huang et al., 1999; Mihaylova et al., 1999; Ogg and Ruvkun, 1998) , abrogation of PTEN function in adult S. mediterranea consistently led to visible outgrowths. A central finding of our work is the overproliferation of neoblasts in animals in which both PTEN paralogs have been functionally abrogated. Because neoblasts are the only known dividing cells in planarians, and expression of both Smed-PTEN-1 and -2 were detected in these cells, it is reasonable to suggest that the observed hyperproliferation ( Fig. 4G; Fig. 5C ) may be due to autonomous cellular functions of PTEN in the planarian stem cells. Further, elimination of SmedAkt and addition of rapamycin in Smed-PTEN-1, -2(RNAi) animals did not prevent migration of the non-mitotic division progeny of neoblasts; therefore, it is likely that other PTEN-regulated pathways may play a role in this particular aspect of the phenotype. One likely candidate is the integrin-mediated cell spreading and cell migration pathway, which is independent of mammalian TOR (mTOR) and is inhibited by PTEN (Gu et al., 1998) . Hence, elimination of PTEN function in non-dividing planarian cells may enhance their migration and explain both tissue infiltration and the prevention of cephalic resorbption in rapamycin-treated Smed-Akt(RNAi); animals. Further molecular analyses should help to formally test this possibility.
We also observed a marked disruption of the basement membrane, separating the epithelium from mesenchymal structures, which is accompanied by cellular infiltration and other morphological abnormalities (Fig. 4A-E) . Interestingly, alterations of the epithelial-mesenchymal interactions, loss of tissue architecture, and the ensuing abnormal cell behaviors are considered to be both prerequisite and defining events in the progression of most cancers (Nelson and Bissell, 2006) . In fact, anatomical alterations of epithelial-mesenchymal interactions represent a triggering signal in malignant transformation (Nelson and Bissell, 2006) , as well as a proliferative response in neoblasts upon amputation (Hori, 1979b; Hori, 1980) . Thus, we propose that the hyperproliferative response of neoblasts in the Smed-PTEN phenotype may be additionally influenced by the disruption of anatomical barriers, and as such could be considered as a nonautonomous cellular effect of PTEN on neoblasts.
In the past, planarians have been used as in vivo models for chemical-induced teratogenesis, and many of these studies led to the proposal that the hyperproliferative response of neoblasts to mutagenic compounds bears some resemblance to teratomas caused by embryonic stem cells, as well as benign and malignant tumors in mammals (Best and Morita, 1982; Foster, 1963; Foster, 1969; Schaeffer, 1993) . Interestingly, the observation that neoblast numbers increase after abrogation of PTEN function in planarians, is accompanied by a generalized infiltration of neoblast-like cells in many different organs, which supports this possibility. It is also consistent with previous findings, showing that embryonic stem cells (PTEN -/-) possess an enhanced capability to produce teratomas, after subcutaneous injections in syngeneic mice with similar histological features (i.e. increased cellularity, and dysplasia mostly composed of small, round undifferentiated cells) (Di Cristofano et al., 1998) . Taken together, our findings strongly indicate that the Smed-PTEN phenotype provides a novel invertebrate context, in which the autonomous and nonautonomous regulation of tumor suppressors on adult stem cells can be simultaneously analyzed in all the different organs of a whole organism.
Controlling abnormal stem cell proliferation by targeting components of the TOR pathway
The PI3K-Akt-TOR pathway is evolutionarily conserved and it has been shown that loss of PTEN function activates Akt. Because functional abrogation of the Smed-PTEN genes led to increases in Smed-Akt expression, and because the symptoms of the Smed-PTEN phenotype were prevented by rapamycin treatment, components of this pathway are likely to be conserved in S. mediterranea. The ability of rapamycin to regulate neoblast numbers, and their differentiation, during homeostasis and regeneration in the absence of functional Smed-PTEN genes, reveals a highly specific mechanism of action for rapamycin, and provides a unique opportunity to explore the mechanisms of action of this macrolide in vivo. Therefore, in planarians, it is possible to target abnormal proliferative cells while retaining an adequate neoblast response to meet physiological demands. This is consistent with recent findings demonstrating that rapamycin treatment compensates for PTEN loss, and is effective in preventing the development of leukemia-initiating cells, while maintaining normal hematopoietic function in mice (Yilmaz et al., 2006) . However, the precise mechanism of action by which rapamycin distinguishes between abnormal and physiological stem cell proliferation is not completely understood and will require further analyses. Thus, the identification and characterization of additional, evolutionarily conserved components of the PI3K-Akt-TOR pathway, as well as possible targets of rapamycin, should be possible in planarians.
Even though an important consequence of abrogating Smed-PTEN genes was the generalized increase in Smed-Akt expression, disruption of Smed-Akt function did not prevent the hyperproliferation and visible outgrowths that have been previously reported for this pathway in mammals (Chen et al., 2006) . In fact, the only aspect of the Smed-PTEN loss-of-function phenotype rescued by abrogation of Smed-Akt, is the regression of the area in front of the photoreceptor -a region of the animal devoid of proliferative activity, and which is maintained exclusively by the migration of postmitotic neoblast progeny (Newmark and Sánchez Alvarado, 2000; Reddien et al., 2005b) . Interestingly, the highest proportion of Smed-Akt expression in Smed-PTEN-1, -2(RNAi) animals was observed in the X2 subpopulation of our FACS analyses, which includes migratory differentiating cells (Higuchi et al., 2007; Oviedo and Levin, 2007) . Therefore, we propose that the abnormalities observed in the Smed-PTEN phenotype, such as head regression, may be associated with an abnormal increase in SmedAkt expression, but others, such as hyperproliferation, lack of regeneration, and abnormal outgrowths are due specifically to the disruption of Smed-PTEN function. However, the partial preventative effect of rapamycin treatment in triple RNAi worms suggests that Akt is required to mediate rapamycin action in Smed-PTEN(RNAi) animals.
CONCLUSIONS
Taken together, our findings provide insights into the evolution of PTEN, and the regulatory mechanism operating in adult stem cells during homeostasis and regeneration. Moreover, similar to mammalian adult stem cells, planarian neoblasts exists in a tightly regulated environment that allows constant support of differentiated tissues, while keeping the required form and function throughout the life of the organism Reddien and Sánchez Alvarado, 2004; Sánchez Alvarado, 2006) . Thus, the Smed-PTEN phenotype revealed that components of the neoblast regulatory mechanisms used during proliferation, differentiation and regeneration are conserved between planarians and mammals. As such, it is now possible to use S. mediterranea as a model, in which the pathways controlling adult stem cell biology and cellular regulation can be studied during the regeneration of complex structures. Equally important is the fact that abnormal stem cell proliferation can be specifically induced in S. mediterranea, broadening the opportunity to understand the relationship between cancer and stem cells. Future work will exploit the biology of S. mediterranea to pursue pharmacological, genetic and physiological approaches to elucidate potential therapeutic targets that could resolve PI3K-Akt-TOR pathway alterations.
METHODS

Planarian culture
The clonal asexual strain CIW4 of Schmidtea mediterranea was used in all experiments. Animals were kept and maintained as previously described (Cebrià and Newmark, 2005; Sánchez Alvarado et al., 2002) .
Smed-PTEN and Smed-Akt isolation PTEN homologues Smed-PTEN-1 and -2 (accession numbers: AY068282 and AY066355, respectively) were identified in the Schmidtea mediterranea database SmedDb . 5Ј RACE was performed to isolate full lengths (Oviedo and Levin, 2007; Reddien et al., 2005b) . Genomic sequences were obtained from the ongoing S. mediterranea Genome Project (Washington University Genome Sequence Center) to obtain Smed-Akt and Smed-PCNA sequences.
Phylogenetic analysis
PTEN sequences were aligned with the program T-Coffee (Notredame et al., 2000) . Alignments were edited by hand and subject to Bayesian analysis through the freeware program Geneious (www.geneious.com) and the MrBayes plugin (Ronquist and Huelsenbeck, 2003) . MrBayes was run with parameters of 1,000,000 generations, 4 chains, a subsample frequency of 500 and burnin of 100,000.
Gene expression studies
Whole-mount ISHs Samples and probes for ISHs were processed as previously described (Oviedo and Levin, 2007; Reddien et al., 2005b ). An optimized in situ protocol was also used for whole-mount analysis and is available upon request. Briefly, planaria are fixed with 4% formaldehyde in PBS, dehydrated and bleached in 6% H 2 O 2 overnight, treated with 3 μg/ml ProteinaseK for 10 minutes, postfixed in 4% formaldehyde for 10 minutes and then subject to previously described hybridization and detection. All images are representative of at least three different experiments and were captured as previously described (Oviedo and Levin, 2007; Oviedo et al., 2003) .
qRT-PCR Use of total RNA isolation procedures and internal controls were as previously described (Oviedo and Levin, 2007; Reddien et al., 2005b) .
ISH on dissociated cells and quantification of positive cells
Planarian dissociation (n=10 per condition) was performed as previously described (Oviedo and Levin, 2007; Reddien et al., 2005b) but without any filtration step. Briefly, dissociated cells were resuspended in equal volumes of calcium magnesium free media (CMF), spotted onto slides and fixed with 4% PFA. ISH was performed as previously described (Oviedo and Levin, 2007; Reddien et al., 2005b) . Nuclear counterstaining was performed with propidium iodide (PI). Cells that were positive for PI and different probes (neoblasts and differentiated tissues) were quantified with a compound scope (20ϫ objective) using IPLab software (Olympus). An average of total cell number was obtained from 20 different fields per slide (neoblast markers), or, using a 20ϫ objective, the total number of positive cells per whole slide was recorded (differentiated tissue markers).
Planarian dissociation and FACS analyses
Intact animals (n~10 per condition) were dissociated as previously described (Oviedo and Levin, 2007; Reddien et al., 2005b) . Either FACSVantage (Becton Dickinson) or MoFlo high-speed cell sorter (Dako) were used to isolate cells. Results were analyzed by using CELL Quest (Becton Dickinson) or Summit (Dako) software (Oviedo and Levin, 2007; Reddien et al., 2005b) . dsRNA synthesis and microinjections dsRNA synthesis and microinjections were performed as previously described (Oviedo and Levin, 2007) . Microinjection schedules were subjected to extensive rounds of optimization until reproducible results were obtained. Each injection was performed in the prepharyngeal area, consisting of three pulses of 32.2 nL each, at the time intervals depicted in Fig. 2A; Fig. 3A . Triple RNAi worms were injected on three consecutive days with dsRNA-SmedAkt, followed by two days of rest, and then continued with the same schedule described for Smed-PTEN-1, -2(RNAi) worms. During the injection schedule, planarians were evaluated daily under the dissecting scope to observe behavioral reaction and external morphology. Signs of phenotypes were recorded when any of the following were first noticed: abnormal photophobic response, tip regression, external overgrowth, or epithelial damage. In most cases, the same number of animals for each condition (control, RNAi of an individual Smed-PTEN or simultaneous Smed-PTEN-RNAi) were fixed or processed for additional experiments when 50% of the group displayed signs of the phenotype.
Rapamycin treatment
Rapamycin was obtained from two sources: Calbiochem and Cell Signaling Technology. Concentrated stock was freshly diluted (20 nM) in planarian water before daily prepharyngeal injections (five pulses of 32 nL each per worm). Rapamycin injections were always scheduled for 2-3 hours before respective dsRNA injections.
Antibody labeling and image collection
Planarians were processed for immunostaining as previously described (Reddien et al., 2005a; Reddien et al., 2005b) . Primary antibodies were diluted as follows: α-phosphorylated histone H3 (Upstate), 1:5000; α-arrestin (kind gift from K. Agata), 1:5000; antiplanarian myosin heavy chain monoclonal antibody TMUS-13 (kind gift from R. Romero), 1:100; α-acetylated tubulin monoclonal antibody (Sigma), 1:500; and anti-SMEDWI-1 antibody (kind gift from P. Newmark), 1:1000. Incubation with secondary antibody was performed at room temperature, overnight in goat anti-rabbit Alexa 568, 1:800, or goat anti-mouse Alexa 488, 1:400. At least seven or eight different whole body images were taken per condition to quantify the H3P signal as previously described (Reddien et al., 2005a; Reddien et al., 2005b) . Representative images from each condition were additionally processed using an Olympus Fluoview-300 confocal microscope (Olympus), or as previously described (Oviedo and Levin, 2007) . 
RESEARCH ARTICLE TRANSLATIONAL IMPACT
Clinical issue
Endogenous stem cells are important in the normal physiology of tissues that undergo constant regeneration, such as hematopoietic cells or those lining the gastrointestinal tract. The enhanced proliferative capacity of stem cells is necessary for the regeneration and healing of damaged tissue, but can also lead to cancer. The carcinogenic potential of stem cells is a significant limitation for their potential use in treating disease. Understanding the mechanisms and signaling pathways that allow stem cells to serve in a controlled regenerative capacity is necessary before their safe therapeutic potential can be realized. The PTEN protein is a key regulator of cell proliferation, differentiation and motility that is frequently mutated in cancer. PTEN exerts its influence on cellular functions by suppressing the PI3-kinase (PI3K) and AKT pathways. In normal cells, PTEN balances PI3-kinase and AKT activities that otherwise would contribute to the genesis of malignant cancer cells.
Results
Here the planarian is used as a model organism for studying PTEN in stem cells for tissue regeneration. Planarians contain large numbers of adult stem cells (neoblasts) that constantly renew and differentiate into all known planarian cell types.
In the planarian, Schmidtea mediterranea, the authors identify two orthologues to the human PTEN gene, which they name Smed-PTEN-1 and Smed-PTEN-2. They find the genes expressed in many cell types, including the planarian stem cells. Reduced expression of Smed-PTEN-1 and Smed-PTEN-2 encoded proteins using RNAi resulted in abnormal growths, dramatic anatomical changes and the eventual demise of the organism. As in mammals, administration of the drug rapamycin to RNAi-treated worms prevents all of these abnormalities and the death of the animal.
Implications and future directions
An important finding here is the extent of evolutionary conservation of the PTEN pathway that allows researchers to use planaria as a model organism for stem cell biology. This work demonstrates the fundamental importance of PTEN in cellular proliferation and differentiation processes. Work on the PTEN pathway in this system will advance our understanding of the mechanisms regulating proliferation, migration and motility that are likely operating in the emergence of human cancers. It also expands opportunities to understand the relationship between pathways that similarly regulate cancer growth and stem cell potential. doi:10.1242/dmm.001123 
